Background The contralateral femur frequently is used for preoperative templating for THA or hemiarthroplasty when the proximal femur is deformed by degenerative changes or fracture. Although femoral symmetry is assumed in these situations, it is unclear to what degree the contralateral femur is symmetrical. Questions/purpose We therefore defined the degree of asymmetry between left and right proximal femurs and determined whether it was affected by demographics and proximal femoral anatomy. Methods We obtained 160 paired femurs from individuals (20-40 years old), evenly distributed for gender and ethnicity (African-American and Caucasian). The height and weight of the individuals were recorded. We measured the femoral head diameter, minimal femoral neck diameter in the AP and cephalocaudal (CC) planes, and the AP femoral diaphyseal diameter. The absolute and percent differences were determined.
Introduction
The success of modern hip arthroplasty and development of the femoral prosthesis has driven research of the proximal femoral anatomy to help create the ideal hip replacement and improve surgical technique [5, 15, 27, 33] . This has led to research on the anatomic variability of the proximal femur which has discovered gender, ethnicity, and even bilateral femoral differences. Research on gender anatomic variations showed differences in femoral offsets and canal dimensions between males and females [2, 6, 29, 44] . Studies of ethnic variations of morphologic features of the femur showed differences in femoral head diameters, femoral offset, and shaft diameters between European and Asian populations [18, 43] . Research on bilateral femoral asymmetry has focused on properties such as bone mineral density, mechanical strength, cortex thickness, torsion angles, limb lengths, or the distal femur [8, 26, 28, 32, 36, 40] . The studies that have researched asymmetry between Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution has approved or waived approval for the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research.
proximal femoral dimensions such as the femoral head diameter have a small sample size [28] or do not take into account age, gender, or arthritic deformities [3] .
There is a frequent clinical assumption that there is minimal bilateral asymmetry between proximal femurs. Preoperative templating of radiographs before hip arthroplasty helps the surgeon anticipate correct implant positioning and predict implant size and potential difficulties [4, 11, 16, 25, 34] . In severely arthritic hips, the anatomy may be difficult to discern, or the affected leg may be externally rotated. In this situation, templating the affected hip would underestimate femoral offset and leg length discrepancy (LLD), and thus the unaffected contralateral hip often is templated instead [9, 10, 17, 34, 46] . LLD is monitored as a complication for hip arthroplasty owing to its association with patient dissatisfaction and litigation after hip arthroplasty [19, 23, 24, 30] . When templating the contralateral hip before hemiarthroplasty for femoral neck fractures, Suh et al. showed that taking into account joint cartilage less than 2 mm showed statistically better LLD and femoral head offsets [39] . Without data on baseline femoral asymmetry, it is unclear if small adjustments for femoral head sizes on templating could affect LLD or at least confound studies that use LLD as a measure of successful surgery.
Asymmetry also is used to identify some pathological states such as coxa magna. Coxa Magna is a sequela of pediatric hip disorders such as Legg-Calvé-Perthes disease and transient synovitis [1, 13, 14, 21] . It has been defined frequently in the literature as circumferential enlargement of the studied femoral head when compared with the contralateral or unaffected hip [14, 21, 24, 37] . This definition assumes a bilateral symmetry of the hips. However, coxa magna and the diseases that cause it often may affect both hips and therefore endanger that assumption. Quantitative definitions of coxa magna in the literature were developed arbitrarily without using healthy control subjects and without knowledge of baseline hip symmetry [14, 17, 21, 37] . These definitions continue to be used despite there being evidence to suggest that the magnitude of coxa magna is correlated with increased Iowa hip ratings and requirement of arthroplasty [24] . By defining the normal distribution of symmetry in the hip, this study will help quantify the limits of normal variance and thus better define coxa magna.
Thus, the objectives of this study were: (1) to determine the normal distribution of absolute and percent differences between the left and right proximal femur measurements to define normal asymmetry; (2) to determine if asymmetry between bilateral femurs was correlated with demographic variables, such as gender, ethnicity, height, and weight; and (3) to assess whether there were correlations between the amount of asymmetry and absolute femoral measurements.
Materials and Methods
We obtained 160 paired cadaveric femurs from the Hamann-Todd Human Osteological Collection housed at the Cleveland Museum of Natural History in Cleveland, Ohio, USA. This osteologic collection is the largest modern collection of documented human skeletons in the world, with more than 3100 human skeletons. The skeletons in this collection were obtained as unclaimed bodies and dissecting room cadavers in Cleveland, Ohio, between 1912 and 1938 [7] . Specimens from this collection include documented height and weight at the time of death, and gender and ethnic origin. From the 3100 specimens, we selected only those between 20 to 30 and 30 to 40 years old at the time of death. We divided the specimens into gender and ethnic groups (Caucasian male and female, African-American male and female), creating a total of eight groups. We then selected 20 pairs of femurs from the above groups that were at the extremes of heights for each group. This was done to ensure that the complete range of femoral sizes in the sample groups was used. We excluded specimens with only one femur or femurs with evidence of osseous degeneration, defects, or gross disorders, or any pair of femurs whose age, weight, height, ethnicity, and gender could not be confirmed. This relatively young population aided in minimizing the likelihood of arthritic processes that contributed to morphologic features of the bone. Demographic data pertaining to age, gender, ethnicity, and height of the 160 specimens were documented ( Table 1 ). The overall average age of the sample cohort was 31 years. The average height was 167 cm and the average weight was 55 kg.
We used a previously described measurement method [22, 42, 44, 45] involving the Hamann-Todd Human Osteological Collection. Each of the specimens was digitally photographed in two standardized positions, termed AP and cephalocaudal (CC). For AP photographs, each femur pair was placed in a supine position on a flat laboratory bench with anterior surfaces directed toward the ceiling and femoral shafts parallel to one another. In this position, specimens rested distally on the convex surfaces of the medial and lateral condyles and proximally on the greater trochanter. The femoral neck then was made parallel to the superior surface of the laboratory bench and along the vertical axis, as determined by visual inspection via elevation or support of the medial or lateral condyles. AP photographs were taken from directly overhead (the camera lens was parallel to the laboratory bench and the femoral neck axis, as confirmed by a level). By taking photographs from this overhead position, accurate AP pictures were obtained.
For the CC photographs, each femur pair was placed on the bench surface with anterior surfaces facing up and both condyles in contact with the bench. The femurs then were abducted until the femoral necks were parallel to the edge of the bench, as determined by visual inspection. The camera lens was parallel to the edge of the laboratory bench (as confirmed using a T-square ruler). The CC plane is a plane developed by the superior surface of the femoral neck and thus is orthogonal to the AP view of the neck. Differences in the mean femoral head diameters between the two views does not suggest that the femoral head is noncircular, only that the diameter measured from the CC view represents a portion of the femoral head that is available to be measured from that perspective.
ImageJ software (http://imagej.nih.gov/ij/; National Institutes of Health, Bethesda, MD, USA) was used to obtain measurements from each specimen. All measurements were made by two investigators (EYY, JG). Measurements of distance from the photographs initially were recorded in units of pixels. Each photograph had a standard metric ruler at the same level as the femoral sample, which enabled conversion of pixels into millimeters. Interobserver and intraobserver reliabilities for the measurement procedure were determined by calculating the intraclass correlation coefficient (ICC). Interobserver reliability was calculated by both observers (EYY, JG) completing all 160 sets of femurs independently using the same method. Intraobserver reliability was calculated for both observers (EYY, JG) by a repeat of 40 randomly selected femur sets (left and right femurs, femoral diameter and minimum neck diameter) with an interval greater than 4 weeks apart. This analysis showed reproducibility with high interobserver ICC values ([ 0.99) and intraobserver ICC values ([ 0.93). Only one complete measurement set was used (EYY) for the purpose of analysis.
The following measurements were obtained from AP images: (1) femoral head diameter; (2) minimal neck diameter; and (3) shaft diameter (Fig. 1) . The measurements that were obtained from CC images were the femoral head diameter and the minimal neck diameter (Fig. 2) . The femoral head diameter was measured by fitting a perfect circle to the femoral head and picking the best-fit circle by which the femoral head did not extend more than 1 mm outside the outline the circle. Minimal neck diameter was obtained by determining and marking the axis of the femoral neck and subsequently finding a line orthogonal to the axis that represented the shortest distance between the superior and inferior aspects of the neck. The femoral shaft * The data are given as mean ± SD. Fig. 1 An AP view of a pair of femurs is shown. The femoral diameter is shown as the best-fit circle on the femoral head. The minimal neck diameter was defined as the minimal distance about the neck perpendicular to the neck axis. Line AB represents the neck axis. Line CD represents the minimal neck diameter. The shaft diameter was defined as the diameter of a line drawn from the last visible inferior portion of the lesser trochanter tangential to the shaft axis. Line EF represents the femoral shaft axis. Line GH represents the shaft diameter. diameter was obtained by drawing a line that began at the inferior portion of the lesser trochanter and was perpendicular to the femoral shaft axis. Absolute differences were obtained by subtracting the result of the smaller of the specimens (left or right) from the result of the larger. Percent absolute asymmetry or percent difference was determined using the following documented method: percent asymmetry = (maximum À minimum)/(average of maximum and minimum) 9 100 [3] . This variable was used to define the magnitude of asymmetry. Means and standard deviations were determined for each of the measurements made for the population as a whole and for various subpopulations, based on gender and race. Normal (Gaussian) distributions of the absolute differences and percent asymmetry between pairs of femora were determined for the sample population as a whole. Univariate analysis was performed using t-tests. Pearson's coefficients were calculated to examine correlations among absolute differences, specimen demographic data, and femoral measurements. A multiple regression model was performed that compared absolute AP head diameter differences with all specimen demographic data (age, ethnicity, height, weight, gender) and osseous measurements. Multiple linear regression models were developed to establish the determinants for each of the variables that defined a difference between left and right. For each model, variables with a p value less than 0.1 were kept in the final model. Stepwise backward and forward variable selection was performed on the multiple regression models to confirm that the same variables were selected for all outcomes. Statistical analyses were performed using Statgraphics1 Centurion XV (Version 15.2, Statpoint Technologies Inc, Warrenton, VA, USA).
Results
No absolute difference of any femoral measurement exceeded 1.5 mm at the 95% confidence interval, with all distributions falling between 0.3 mm and 1.4 mm ( Table 2 ). The percent asymmetry did not exceed 4% for all femoral measurements, with all 95% confidence intervals falling between 1.1% and 4.1%.
We found no association between absolute differences or percent asymmetry and gender (Table 3 ) and ethnicity (Table 4 ). Age or weight was not associated with any absolute differences or percent asymmetry on univariate analysis ( Table 5 ). Height negatively correlated with AP femoral head absolute difference (r = À0.20; p = 0.02) and percent asymmetry (r = À0.25; p = 0.001) indicating that increased height was associated with increased femoral head symmetry. Height was associated (r 2 = 0.11; p = 0.02) with AP femoral head difference.
We found a relationship between AP femoral head absolute difference and AP shaft diameter (r = À0.16; p = 0.05) and AP shaft absolute difference and AP femoral head diameter (r = 0.16; p = 0.04) ( Table 6 ). The analysis of the AP absolute differences measurements showed that there were correlations between contiguous parts of the proximal femur (femoral head to neck: r = 0.17, p = 0.03; femoral neck to shaft: r = 0.16. p = 0.04) but no correlations between contiguous segments (femoral head to shaft: r = À0.01, p = 0.88). The femoral neck is in direct contact with the femoral head and femoral shaft and its absolute differences correlated with those of the femoral head and shaft (Table 6 ). In the CC view only the femoral head and neck dimensions were measured and their absolute differences showed positive correlations ( Table 6 ). Absolute differences of the same * The data are given as mean ± SD; absolute difference = difference between maximum and minimum of left and right; à percent asymmetry = (maximum À minimum)/(average of maximum and minimum) 9 100. femoral dimension in two views (AP and CC) were positively correlated. For example, the AP and CC femoral head differences (r = 0.28; p\0.001) and the AP and CC femoral neck differences were correlated (r = 0.19; p = 0.02). Absolute differences were associated only with measurements in the adjacent view (AP versus CC) with AP and CC femoral head (r 2 = 0.11; p\0.001) and AP and CC femoral neck (r 2 = 0.04; p = 0.02).
Multivariable linear regression analysis showed no correlations between absolute differences and demographic data of height, weight, age, sex, or ethnicity (Table 7) .
Discussion
Proximal femoral anatomy has been the subject of numerous studies owing to the success of hip arthroplasty worldwide [5, 6, 15, 18, 31, 43] , and as a result of the discovery that certain femoral disorders, such as femoral acetabular impingement and Legg-Calvé-Perthes disease, can lead to osteoarthritis [1, 11, 13, 41] . The investigators who have examined symmetry have studied bone properties and cortex thickness [28, 32, 36, 40] , with few studying dimensions [3, 28] . The clinical impact of asymmetry is subtle, as the assumption of symmetry is pervasive. Preoperative templating for arthroplasty of a severely deformed hip often is performed on the contralateral side under the assumption that it is symmetric to the predeformed morphologic features of the hip undergoing treatment [9, 10, 17, 34, 46] . Calculations to determine hip offset, implant size, LLD, and femoral osteotomy level are made on the contralateral hip. Asymmetry data also may allow clinicians to determine if baseline asymmetry is negligible enough to allow them to use the contralateral hip as a guide rather than rely on intraoperative markers on the deformed hip [35, 37, 46] . Additionally, coxa magna, a sequela of pediatric hip disorders, is defined as an asymmetric enlargement of the femoral head and neck [1, 13, 14, 21, 37] , with quantitative definitions made arbitrarily [14, 37] . Knowledge of baseline symmetry will help quantitatively define the disorder, differentiate it from normal, and help monitor disease progression. We therefore: (1) measured the proximal femoral anatomy and determined the normal distribution of gross measurements and absolute differences between the left and right femurs; (2) determined if these dimensional values and absolute differences between bilateral femurs had any association with demographic * The data are given as mean ± SD; absolute difference = difference between maximum and minimum of left and right; à percent asymmetry = (maximum À minimum)/(average of maximum and minimum) 9 100. Our study has some limitations. First, the specimens came from a collection that is nearly 100-years-old, and thus, these individuals lived in an era when untreated bony abnormalities had a higher prevalence. The lifestyles, nutritional intakes, and average height and weight of these individuals differ from contemporary populations, and this may have affected the generalization of these data. A second limitation was that we measured anatomic landmarks, using digital analyses of photographs, and thus, the measurements may differ from the measurements made on the specimens by using calipers or in the clinical setting, using radiographic imaging. This limitation was mitigated by using a systematic method and high-resolution pictures (degree of error \ 1 mm), and by using a projection that is used clinically (AP). Additionally, the measured asymmetry of the femoral head in this study falls within that reported in the literature (Table 8) [3, 21, 28, 45] .
The AP femoral head diameter absolute difference in this study was comparable to values reported in the literature (Table 8 ). In a study on bipolar hemiarthroplasty for femoral neck fractures, Suh et al. used the contralateral hip as a preoperative template and showed that by taking into account the acetabular cartilage and adjusting the femoral osteotomy level accordingly, there was a statistical improvement in LLD [39] . Suh et al. measured the distance between the bony acetabulum and femoral head in the AP view, and determined that the mean acetabular cartilage was 2 mm in thickness and the mean joint space cartilage was 4 mm on the AP view of the femur [39] . If a physician were to account for the 2 mm thickness of the acetabular cartilage, as suggested when determining the femoral osteotomy level, this adjustment would be confounded by the natural femoral head asymmetry in the AP view of 1 mm. In comparison, a difference in 1 mm would equal 1 . 2 the mean reported acetabular cartilage and 1 . 4 the reported joint space cartilage. Thus, this study shows that normal asymmetry of the femoral head would confound attempts at estimating osteotomy levels based on cartilage thickness if baseline symmetry is not known. The femoral head percent asymmetry had an upper limit of 1.8%, which was less than the 10% suggested to define coxa magna [14, 37] . Although the difference of 8% helps prevent false positives, it is unclear what asymmetry between 2% and 10% could represent and whether this is clinically important. It may be possible that this represents a subclinical Legg-Calvé-Perthes disease or even undiagnosed vascular disease. The femoral neck asymmetry data correspond to data from in literature ( Table 9 ). The larger overall percent asymmetry of 3% of the femoral neck is an expected finding considering that it was a measure of a minimum dimension, a phenomenon corroborated by Pierre et al. [28] .
The dimensions of the femur are affected by gender and ethnicity [8, 16, 20, 26, 31, 40, 43, 44] . Other than a small correlation between increased height and increased AP femoral head symmetry, there was no association between asymmetry and age, weight, height, ethnicity, and gender. This supports the assumption of femoral symmetry despite body shape and form, which is supported by the literature [3, 46] .
Asymmetries in the proximal femur are positively correlated to asymmetries in immediately adjacent segments of the proximal femur (femoral head to neck and femoral neck to shaft). This indicates that asymmetry does not happen in isolated segments. This is supported by research that indicates that femoral measurements are highly correlated with adjacent segments of the femur [27, 38] , and that coxa magna shows ipsilateral head and neck enlargement [13, 24, 37] . Asymmetry in the AP plane was associated with asymmetry in the adjacent CC plane, suggesting that asymmetry does not occur only in one orthogonal plane. The magnitude of any femoral dimension is not correlated with magnitude of asymmetry.
In this age of evidence-based medicine, it has become increasingly important to justify medical conditions with corroborative data. All proximal femoral measurements conducted in this study showed bilateral differences less than 2 mm and percent asymmetries less than 4%. These results support the assumption of a high degree of symmetry in the left and right proximal femurs. The symmetry Table 8 . Comparison of AP femoral head diameters and differences reported in the literature generally is independent of demographic data and the overall dimensions of the proximal femur. It also shows that when asymmetry does occur, it happens in proportion to adjacent segments of the proximal femur and in the orthogonal plane of the segment in question.
